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ABSTRACT 
The Sonogashira and Hiyama cross-coupling reactions are an astonishing area in synthetic organic chemistry for their 
effective ability to form carbon-carbon bonds. The palladium-catalyzed Sonogashira reaction, which couples aryl halides 
and terminal acetylenes, and the Hiyama cross-coupling reaction, which involves organosilanes and organic halides, have 
significantly simplified the synthesis of complex organic compounds. In the present study, the highly appreciable 
catalytic activity of a Bis (N-heterocyclic carbene) Palladium complex immobilized onto Fe3O4@SiO2 nano-support for 
both Sonogashira and Hiyama cross-coupling reactions under aerobic & green conditions is observed. The synthesized 
catalyst was used in combination with fluoride-free Hiyama cross-coupling reactions of aryl halides with arylsiloxanes, 
creating an effective technique for the synthesis of a broad range of biaryl compounds. This technique was carried out in 
a straightforward one-pot operation at 80°C. This protocol's characteristics include high catalytic activity, rapid catalyst-
product separation using an external magnetic field, and the use of water as a green solvent. Focusing on reaction 
parameters and reaction yield, it was observed that the Sonogashira reaction produces excellent yields (up to 97% under 
copper-free, solvent-free, amine-free conditions), and the coupling products were obtained in high yields under 
environmentally friendly conditions. 
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INTRODUCTION 
Cross-coupling reactions have surfaced as important tools 
for establishing carbon-carbon and carbon-heteroatom 
bonds [1]. Because of the unique qualities of organosilane 
reagents, including their non-toxicity, accessibility, high 
sustainability, and affordability, Palladium-catalyzed 
Hiyama cross-coupling processes have been widely used 
for the synthesis of biaryl derivatives.[2]. Hiyama cross-
coupling is used to create retinoids, benzofuran 
derivatives, benzoxocanes, and analogues of 
picropodophyllin, which are essential for the immune 
response, cell growth, embryonic development, vision, and 
high tubulin affinity.[3]Although the Suzuki and Stille 
cross-coupling reactions, which are catalysed by transition 
metals, have been widely used to produce retinoids, their 
shortcomings, such as the toxicity and high molecular 
weight of organostannanes and the low stability of 
organoboranes, have drawn researchers' attention to the 
extremely effective Hiyama coupling reaction.[4,8]. 
Traditional 

Hiyama cross-coupling reactions require a fluoride source 
to activate the Organosilane reagent. The addition of 
fluoride helps cleave any silicon-protecting group [5]. The 
fluoride ion is also basic, so base-sensitive protecting 
groups, acidic protons, and any functional groups may be 
affected by the addition of the activator. To overcome the 
issue, the designed methodology involves avoiding 
fluoride ions as an activator/base and using mild bases, 
such as potassium carbonate and water, as greener solvents 
to modify the original Hiyama Coupling reaction. An 
excellent catalytic activity of the catalyst is also observed 
in the Sonogashira coupling reaction, Moreover, an 
attractive advantage of the present Sonogashira Coupling 
reaction is the avoidance of copper as a cocatalyst and 
pungent smelling amines, which have a negative impacton 
reaction as in presence of copper co-catalyst, the copper 
acetylide undergo Glaser-Hay homo coupling reaction 
under aerobic conditions[6] whereas the use of much 
pungent sniffing amines for deprotonation in such cross 
coupling reactions are not environmental benign[7]. 
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EXPERIMENTAL 

General procedure for Hiyama coupling reaction: 

A mixture of organosilane (1.2mmol), K2CO3 (1.0 mmol), 
aryl chloride/bromide (1.0mmol), and catalyst (15mg) in 
water (2.0ml) was stirred at 80ᵒC. Reaction was monitored 
by TLC until the cross-coupled product reached an 
optimum conversion. After the reaction was complete, the 
crude product was extracted with diethyl ether. The 
solvent was removed by rotary evaporation, and the 
desired cross-coupling product was obtained after silica 
gel column chromatography. 

Biphenyl (2a) 

White Solid, Yield: 0.148 g, 96%. 1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.60 – 7.63 (m, 4H), 7.44 – 7.48 (m, 4H), 
7.34 – 7.39 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 
(ppm) 141.23, 128.73, 127.22, 127.16. 

(1,1'-Biphenyl)-4-carbonitrile(2b) 

Pale yellow solid, Yield: 0.161 g, 90%.1H NMR (400 
MHz, CDCl3) δ (ppm) 7.66 – 7.72 (m, 4H), 7.58 – 7.61 
(m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 
145.37, 138.89, 132.37, 128.93, 128.47, 127.49, 127.01, 
118.77, 110.66. 

[1,1'-Biphenyl]-4-carbaldehyde (2c) 

Light yellow solid, Yield: 0.164, 90%.1H NMR (400 
MHz, CDCl3) δ (ppm) 7.88 (d, 2H), 7.67 (d, 2H), 7.56 – 
7.59 (m, 2H), 7.37 – 7.41 (m, 2H), 9.9 (s, 1H). 13C{1H} 
NMR (101 MHz, CDCl3) δ (ppm) 191.94, 147.07, 139.68, 
135.31, 130.35, 129.17, 128.63, 127.70, 127.45. 

4-Nitro-1,1'-biphenyl (2e) 

Yellow Solid, Yield: 0.183 g, 92%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.23 – 8.27 (d, 2H), 7.70 – 7.71 (d, 2H), 
7.68 – 7.69 (d, 2H), 7.42 – 7.51 (m, 3H). 13C{1H} NMR 
(101 MHz, CDCl3) δ (ppm) 147.64, 147.12, 138.76, 
129.27, 129.06, 127.84, 127.47, 124.17. 

4-Acetyl-1,1'-biphenyl (2f) 

White solid. Yield: 0.176 g, 90%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.03 (d, 2H), 7.68 (d, 2H), 7.63 (d, 2H), 
7.50 – 7.44 (m, 2H), 7.40 (m, 1H), 2.63 (s, 1H). 13C{1H} 
NMR (101 MHz, CDCl3) δ (ppm) 145.72, 139.80, 135.78, 
128.91, 128.87, 128.19, 127.22, 127.17, 26.63. 

4-Methoxy-1,1'-biphenyl (2g) 

White solid. Yield: 0.176 g, 90%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.57 – 7.52 (m, 4H), 7.42 (t, 2H), 7.28 – 
7.32 (m, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 
159.11, 140.80, 133.7, 128.7, 128.14, 126.72, 126.54, 
114.17, 55.32. 

4-Methyl-1,1'-biphenyl (2h) 

White Solid, Yield: 0.156 g, 93%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.71 – 7.74 (m, 2H), 7.65 (d, 2H), 7.53 – 
7.58 (m, 2H), 7.43 – 7.48 (d, 2H), 7.39 (d, 2H), 2.52 (s, 
1H). 13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 141.39, 
138.59, 137.22, 129.00, 127.49, 127.40, 127.23, 127.05, 
21.33. 

GENERAL PROCEDURE FOR SONOGASHIRA 
CROSS-COUPLING REACTION: 

A mixture of terminal alkynes (1.5mmol), K2CO3 
(1.0mmol), aryl bromide/Chloride (1.0mmol), catalyst 
20mg in water (2.0ml), 80ᵒC. Reaction was monitored by 
TLC until the cross-coupled product reached an optimum 
conversion. After the reaction was complete, the crude 
product was extracted with diethyl ether.  The solvent was 
removed using a rotary evaporator, and the resulting 
extract was subjected to chromatographic separation to 
obtain purified cross-coupling products. The following 
compounds were prepared analogously to the general 
procedure described above. 

Diphenylacetylene(1a) 

White solid, Yield: 0.170 g,96%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.55 – 7.50 (m, 4H), 7.36 – 7.31(m, 
6H).13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 131.59, 
128.32, 128.23, 123.26, 123.35. 

4-(Phenylethynyl)benzonitrile (1b) 

Light yellow solid, Yield: 0.183, 90%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.65 – 7.59 (m, 4H), 7.55 – 7.53 (m, 2H), 
7.39 – 7.36 (m, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 
(ppm) 132.05, 131.77, 129.11, 128.49, 128.23, 122.19, 
118.53, 111.44, 93.76, 87.70. 

4-(Phenylethynyl)benzaldehyde (1c) 

Yellow solid, Yield: 0.194 g, 94%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 10.03 (s, 1H), 7.87 (d, 2H), 7.68 (d, 2H), 
7.60 – 7.52 (m, 2H), 7.42 – 7.34 (m, 3H). 13C{1H} NMR 
(101 MHz, CDCl3) δ (ppm) 191.47, 135.37, 133.81, 
132.10, 131.78, 129.59, 128.97, 128.48, 122.46, 93.44, 
88.49. 

1-(4-(Phenylethynyl)phenyl)ethenone (1d) 

White solid, Yield: 0.194 g, 88%. 1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.92 – 7.94 (d, 2H), 7.58 – 7.61 (d,2H), 
7.53 – 7.55 (m, 2H), 7.35 – 7.36 (m, 3H), 2.631 (s, 3H). 
13C{1H} NMR (101 MHz, CDCl3) δ (ppm) 197.34, 136.14, 
131.72, 131.68, 128.80, 128.43, 128.26, 128.17, 122.60, 
92.68, 88.57, 26.64. 

1-Nitro-4-[(4-nitrophenyl)ethynyl]benzene (1e) 

Yellow solid, Yield: 0.200 g, 90%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.22 (d, 2H), 7.66 (d, 2H), 7.60 – 7.49 (m, 
2H), 7.44 – 7.27 (m, 3H). 13C{1H} NMR (101 MHz, 
CDCl3) δ (ppm) 146.92, 132.24, 131.82, 130.23, 129.26, 
128.52, 123.62, 122.06, 94.68, 87.52. 
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1-(phenylethynyl)-4-(triflouromethyl)benzene (1f) 

White solid, Yield: 0.234 g, 95%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.61 – 7.65 (m, 4H), 7.56 – 7.59 (m, 4H), 
7.37 – 7.39 (m, 3H).13C{1H} NMR (101 MHz, CDCl3) δ 
(ppm) 132.0, 131.9, 129.0, 128.6, 127.3, 125.9, 125.4, 
122.7, 91.9, 88.1. 

1-Methoxy-4-(phenylethynyl)benzene(1g) 

Light yellow solid, Yield: 0.191 g, 92%.1H NMR (400 
MHz, CDCl3) δ (ppm) 7.53 – 7.46 (m, 4H), 7.36 – 7.31 
(m, 3H), 6.90 – 6.86 (m, 2H), 3.83 (s, 3H). 13C{1H} NMR 
(101 MHz, CDCl3) δ (ppm) 159.58, 133.03, 131.43, 
128.29, 127.92, 123.55, 115.34, 113.97, 89.33, 88.03, 
55.29. 

1-Nitro-4-(phenylethynyl)benzene (1i) 

Pale yellow oil, Yield: 0.226 g, 90%. 1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.19 – 8.21(d,2H), 7.62 – 7.65 (d, 2H), 
7.45 – 7.47 (d,2H), 7.19 – 7.21 (d, 2H), 2.64 – 2.70 (m, 
2H), 1.22 – 1.26 (t, 3H). 13C{1H} NMR (101 MHz, 
CDCl3) δ (ppm) 147.30, 146.08, 132.32, 132.07, 132.08, 
128.21, 123.78, 123.78, 119.43, 119.03, 95.48, 87.18, 
29.25, 15.80. Mass (CH3CN) [M + H]+ (m/z) Found: 
252.0901; Calc. value for [C16H14NO2]+: 252.1019. 

4-[(4-Flourophenyl)ethynyl]benzonitrile(1j) 

White solid, Yield: 0.208 g, 94%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.57 – 7.62 (m, 4H), 7.49 – 7.55 (m, 2H), 
7.03 – 7.07 (m, 2H). 13C{1H} NMR (101 MHz, CDCl3) δ 
(ppm) 164.58, 161.72, 133.83, 133.26, 128.48, 116.13, 
115.92, 111.78, 92.78, 87.68. 

1-Chloro-4-[(4-nitrophenyl)ethynyl]benzene  (1k) 

Yellow solid, Yield: 0.236 g, 92%. 1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.20 – 8.22 (d, 2H), 7.63 – 7.65 (d, 2H), 
7.46 – 7.48 (d, 2H), 7.34 – 7.36 (d, 2H). 13C{1H} NMR 
(101 MHz, CDCl3) δ (ppm) 147.12, 135.41, 133.12, 
133.37, 132.37, 130.09, 129.02, 123.90, 120.73, 88.47. 

1-Methyl-4-[(4-nitrophenyl)ethynyl]benzene 

Yellow solid, Yield: 0.213 g, 90%. 1H NMR (400 MHz, 
CDCl3) δ (ppm) 8.19 – 8.22 (d, 2H), 7.62 – 7.64 (d, 2H), 
7.43 – 7.45 (d, 2H), 7.14 – 7.19 (d, 2H). 13C{1H} NMR 

(101 MHz, CDCl3) δ (ppm) 146.89, 139.74, 132.24, 
131.84, 130.60, 129.40, 123.71, 119.15, 95.29, 87.16, 
21.70. 

4-[(4-Ethylphenyl)ethynyl]benzonitrile (1m) 

Pale yellow oil, Yield: 0.208 g, 90%.1H NMR (400 MHz, 
CDCl3) δ (ppm) 7.62 – 7.56 (m, 4H), 7.45 (d, 2H), 7.19 (d, 
2H), 2.67 (m, 2H), 1.24 (t, 3H). 13C{1H} NMR (101 MHz, 
CDCl3) δ (ppm) 145.69, 131.98, 131.95, 131.76, 128.44, 
128.06, 119.30, 118.58, 111.16, 94.11, 87.16, 28.85, 15.27. 
Mass (CH3CN) [M + H]+ (m/z) Found: 232.3011; Calc. 
value for [C17H14N]+: 232.1121. 

3-(Phenylethynyl)quinoline (1n) 

White solid, Yield: .1H NMR (400 MHz, CDCl3) δ (ppm) 
8.89 (m, J = 8.89 Hz, 2H), 8.30 (d, J = 8.3 Hz, 2H), 8.10 
(d, J = 8.09 Hz, 2H), 7.80 (d, J = 7.79 Hz, 2H), 7.69 – 7.73 
(m, 2H), 7.54 – 7.59 (m, 6H), 7.36 – 7.38 (m, 6H).13C{1H} 
NMR (101 MHz, CDCl3) δ (ppm) 152.2, 147.0, 138.6, 
131.9, 130.2, 129.4, 128.9, 128.6, 127.6, 127.7, 127.4, 
117.5, 93.1, 86.9. 

3-(Phenylethynyl)pyridine (1o) 

White solid, 1H NMR (400 MHz, CDCl3) δ (ppm) 8.75 (s, 
1H), 8.53 (m, 1H), 7.70 (m, 1H), 7.51 – 7.54 (m, 2H), 7.35 
– 7.36 (m, 2H), 7.26 – 7.29 (m, 2H). 13C{1H} NMR (101 
MHz, CDCl3) δ (ppm) 152.5, 149.1, 138.7, 131.1, 128.9, 
128.5, 123.1, 122.6, 118.4, 93.1, 85.6. 

RESULT AND DISCUSSION 

Preparation of Pd-NHC-MNP catalyst 
As shown in Scheme 1, the Pd-NHC-MNP catalyst was 
synthesized in a four-step process. First, 2,2-bis 
(bromomethyl)propane-1,3-diol (A) was reacted with N-
Phenyl imidazole in order to synthesize ionic liquid 1,1′-
(2,2-bis(hydroxyphenyl)propane-1,3-diyl)bis(3-methyl 
1H-imidazol-3-ium) bromide (B). The ionic liquid B, in 
the presence of Pd(OAc)2, forms a novel Pd-NHC 
complex (C). The reaction between chlorinated magnetic 
nanoparticles (E) and Pd-NHC (C) produced a new, 
magnetic, reusable Pd-NHC catalyst (F; Pd-NHC-MNP). 
For the synthesis of (E), the prepared magnetic 
nanoparticles (D) were treated with thionyl chloride to 
convert the hydroxy functional groups on the surface of 
the magnetic nanoparticles to chlorine. 
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Scheme 1: Potential Catalyst for Hiyama coupling and Sonogashira Cross-Coupling reactions. 

 
Figure: SEM image of the synthesized magnetic nanoparticles catalyst 

 
The TEM image of the freshly synthesized magnetic nanoparticle catalyst 

Activity of Bis (N-heterocyclic carbene) Palladium complex in catalysis for Sonogashira cross-coupling. 
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Catalyst: Bis (N-Heterocyclic carbene) Palladium 
complex. 
The Hiyama cross-coupling between chlorobenzene and 
trimethoxy(phenyl)silane was used as a model reaction to 
evaluate optimal reaction conditions. Optimization of 
several reaction parameters, including solvent, base, and 
catalyst loading, was initiated to determine the optimal 
conditions for the noteworthy transformations. The results 
are compiled in Table 1. The synthesized Fe3O4@SiO2-
supported Pd-NHC-MNP heterogeneous catalyst was 
screened under various conditions in the presence of 
potassium carbonate as a base to optimize reaction 
conditions. Raising the temperature to 60 °C resulted in a 
lower overall conversion, albeit with improved product 
selectivity. Improved results can be obtained when the 
reaction temperature is increased to 80 °C and the reaction 
time is extended to 2 hours (entry 5). Numerous strong and 
weak bases were examined, including potassium 
hydroxide, potassium carbonate, caesium carbonate, and 
potassium hydroxide (Table 1, entries 7-9). In this case, 
the reaction works selectively in the presence of K2CO3, 
whereas other bases do not reproduce it. The potassium 
carbonate used as the base for the reaction produced a 
good yield of the cross-coupling product (up to 89%). 

After solvent and base optimizations, the amount of 
catalyst was examined, and it was found that 15 mg of 
catalyst is sufficient to achieve the optimal yield (Table 1, 
entry 5) of the cross-coupling product. Reducing the 
catalyst amount drastically reduces the product yield 
(Table 1, entries 14-16). During the optimization of 

reaction temperature, the reaction was screened from room 
temperature to 100 °C, but no product was obtained at any 
temperature. However, a trace of the product formation 
was observed at 70 °C. Further increasing the reaction 
temperature significantly increased the yield of the desired 
cross-coupled product (Table 1, entries 10-13), with a 
maximum yield of 90% obtained at 80 °C. Further 
increasing the temperature shows no effect on the product 
yield. 

After considering reaction time, solvent employed, and 
catalyst amount, water at 80 °C and K2CO3 were selected 
as the optimal reaction conditions. Traditionally, Hiyama 
cross-coupling reactions require the use of fluoride 
activators, which can lead to severe adverse effects [23]. 
In the present work, Hiyama coupling reactions performed 
well in the absence of fluoride activators and in the 
presence of a weak base. After optimizing the reaction 
parameters to achieve the best possible combinations, the 
general scope of Hiyama coupling for a variety of aryl 
bromides and chlorides, as well as organosilane reagents, 
was explored in the presence of a Fe3O4@SiO2-supported 
Pd-NHC catalyst at 80 °C under both aerobic and greener 
conditions. Among all screened conditions, 1.0 mmol of 
aryl bromide/chloride, 1.2 mmol of organosilane 
compounds, 1.4 mmol of K2CO3, 15 mg of catalyst in 2 
mL of Water at 90 °C under aerobic conditions furnished 
the optimum yields of cross-coupled product in 2 h. 

Coupling of electron-withdrawing and electron-releasing 
substituents at the para position 

 

Table 1: Reaction parameters optimizations for Hiyama cross coupling catalysed with Fe3O4@SiO2 supported PdNHC 
catalyst. 

 
Entry Solvent Base Pd catalyst T(ᵒC) Yield(%) 

1 DMSO K2CO3 15mg 80 20 
2 Toluene K2CO3 15mg 80 25 
3 DMF K2CO3 15mg 80 48 
4 DMF: Water K2CO3 15mg 80 54 
5 Water K2CO3 15mg 80 89 
6 Water Cs2CO3 15mg 80 92 
7 Water KOH 15mg 80 34 
8 Water NaOH 15mg 80 28 
9 Water Na2CO3 15mg 80 26 
10 Water K2CO3 15mg 70 68 
11 Water K2CO3 15mg 60 50 
12 Water K2CO3 15mg 50 40 
13 Water K2CO3 15mg RT Nd 
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14 Water K2CO3 12mg 80 80 
15 Water K2CO3 10mg 80 70 
16 Water K2CO3 5mg 80 60 

aConditions: 4-bromocyanobenzene (0.157 g, 1.0 mmol), 
organosilane (0.122 g, 1.2 mmol), 15 mg Pd catalyst (2 h), 
isolated yield after column chromatography, Water (2.0 
mL), base (1.4 mmol). bTBAB (0.161 g, 0.5 mmol) used; 
Nd (not detected). 

With the standardized reaction conditions in hand, the 
present coupling reaction was extended to a range of 

substrate scopes for both reactants, the aryl bromide 
and organosilane compounds. Electron-donating and -
withdrawing groups (-Me, -OMe, -CN, H, COCH3, -CF3,-
CHO, -NO2) bearing aryl halides provided the 
corresponding biaryl derivatives in an excellent yield 
range (70–94%). 

 

Table 2: Substrate scope of aryl bromides and Organosilane compounds used for Hiyama cross-coupling 
catalyzed with Fe3O4@SiO2 supported NHC-Pd catalyst. 

 
A comparison of the catalytic activity of the Pd catalyst 
with previously reported Pd catalysts for the Hiyama 
cross-coupling reaction has been made. High mol% of 
Pd(OAc)2 (3 mol%), DABCO (6 mol%), and 
tetrabutylammonium fluoride (TBAF) in dioxane was used 
to obtain biaryl products [9]. Palladium acetate and XPhos 
work well together to produce matching biaryl compounds 
in a 40–97% yield range through Hiyama cross-coupling 
of aryl mesylates and arylsilanes. Wu and colleagues 
developed a broad and effective synthetic pathway for the 
production of substituted biaryl compounds via palladium-
catalysed Hiyama cross-coupling of unactivated aryl 
mesylates with arylsilanes. But the amount of Pd(OAc)2 
used was high and is also not recyclable, which could be a 
major drawback for the reaction.[10]. In the Hiyama 
coupling reaction, Rostamnia and colleagues reported 
using homoleptic chelating N-heterocyclic carbene 
palladium complexes immobilised within the pores of 
SBA-15/IL (NHC-Pd@SBA-15/IL) as a heterogeneous 
catalyst. The yield range of the required biaryl derivatives 
was outstanding, ranging from 82% to 95%. However, the 
reaction substrate scope was limited to iodo substituents; it 
failed with bromo and Chloro substituents.[11]. By 
treating dimeric molecules [Pd(μ-Cl)(Cl)(NHC)]2 with 

tetrazole ligands that effectively catalysed the Hiyama 
coupling reaction, Yang created the tetrazole ligand-
stabilised NHC-Pd complexes. Analysis was done on the 
catalytic activity of both mono- and dinuclear Pd (II) 
complexes.[12] The reaction worked well with chloro 
substituents but required toluene as a solvent and fluoro 
additives for completion. For the synthesis of non-
symmetric biaryl scaffolds, Osińska et al. revealed a very 
intriguing use of palladium PEPPSI (Pyridine Enhanced 
Precatalyst Preparation Stabilisation and Initiation) 
complexes with non-bulky NHC ligands as a catalyst 
precursor in cross-coupling reactions. The Suzuki–
Miyaura application of PEPPSI complexes was examined, 
and their catalytic activity was amply demonstrated 
[13,14,15,16,17,18]. But on the other hand, while the use 
of PEPPSI complexes in the Hiyama coupling reaction is 
rare [19,20,21]. But the reaction failed to work efficiently 
in water. With the objective of designing a greener 
procedure for biaryls via palladium-catalysed Hiyama 
coupling reactions, the designed strategy could efficiently 
catalyse the coupling of aryl trimethoxysilanes with aryl 
bromides in the greener solvent water, thereby avoiding 
the use of organic solvents and operating under fluoride-
free conditions. The process was carried out in the 
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presence of a weak base (K2CO3) and under aerobic 
conditions, yielding a functionalized biaryl in moderate to 
high yields. However, sterically hindered ortho-substituted 
aryl halides did not work well under these conditions. The 
catalyst was reusable and could catalyze six reaction 
cycles without detrimental loss of catalytic activity. 

Activity of Fe3O4@SiO2@NHC^SPh-Pd(II) in catalysis 
of Sonogashira coupling 
Encouraged by previous results showing the outstanding 
catalytic potential of the Fe3O4@SiO2-supported Pd NHC 

catalyst for Hiyama cross-coupling, the catalyst was also 
investigated for Sonogashira cross-coupling, for which 
there remains a need to develop air- and moisture-
insensitive Pd-based catalysts. The present catalyst was 
found to activate readily available, less reactive aryl 
chlorides and to deliver the desired coupling product under 
aerobic reaction conditions, thereby enabling greener 
pathways.

 

 
Scheme 3Copper and amine-free Sonogashira cross-
coupling catalyzed with Fe3O4@SiO2 supported Pd-NHC 
heterogeneous catalyst. 

To determine the optimal conditions for the outstanding 
transformations, the optimization of various reaction 
parameters, including solvent, base, and catalyst loading, 
was initiated and summarized in Table 2. It began with the 
solvent optimizations, and a range of polar and non-polar 
solvents was screened. The first trial was conducted in 
neat water at 80 °C, and significant product formation was 
observed. (Table 2 entry 1).  Given the satisfactory yield of 
the Sonogashira cross-coupling product, different solvents 
and reaction parameters were also tested (Table 2, entries 
1-4). The solvents, such as DMSO, toluene, 1,4-dioxane, 
and acetonitrile, have resulted in no conversion of the 
cross-coupling product. Water was found to be the best 
solvent for the reaction, yielding the highest yield (80%) 
of the desired coupling product. Traditionally, the 
Sonogashira cross-coupling reactions require the use of 
copper as a co-catalyst and a significant amount of amines 
as a co-solvent. In the present work, Sonogashira coupling 
reactions performed well in the absence of both copper 
and highly pungent amines and in greener media. The 
present catalyst performed exceptionally well in copper 
and amine-free conditions. However, it is observed that the 
use of a base is essential for this reaction, and the reaction 
does not work in the absence of a base (Table 1, entry 9). 

Various strong and weak bases, including potassium 
carbonate, cesium carbonate, sodium acetate, sodium 
hydroxide, and potassium hydroxide, were investigated 
(Table 1, entries 3 and 10-13). Potassium carbonate, used 
as a base for the reaction, yielded a good cross-coupling 
product (up to 96% yield). Here, the reaction selectively 
works in the presence of K2CO3& Cs2CO3. while other 
bases fail to mimic the reaction. After solvent and base 
optimizations, the amount of catalyst was scrutinized, and 
it was found that 20 mg of the catalyst (Table 1, entry 3) of 
the cross-coupling product. Reducing the catalyst amount 
drastically reduces the product yield (Table 2, entries 14-
17). During optimization of reaction temperature, the 
reaction was tested from room temperature to 60 °C, but 
no product was obtained. However, a significant amount 
of the product formation was observed at 70 °C. Further 
increasing the reaction temperature significantly increased 
the yield of the desired cross-coupled product (Table 2, 
entries 18-21), with a maximum yield of 90% obtained at 
80 °C. Further increasing the temperature shows no effect 
on the product yield. 

Among all screened conditions, 1.0 mmol of aryl 
bromide/aryl chloride, 1.2 mmol of phenylacetylene, 1.4 
mmol of K2CO3 (20 mg) as the catalyst, and 2 mL of 
Water at 80 °C under aerobic conditions furnished the 
highest yields of the cross-coupled product in 4 h.

 

Table 1: Reaction parameters optimizations for Sonogashira cross coupling catalyzed with Fe3O4@SiO2 supported Bis 
Pd NHC complexa 
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Entry No Pd catalyst (in mg) Base used Temp(ᵒC) Solvent (2ml) Yield(%) 
1 20 K2CO3 80 Water 88 
2 20 K2CO3 80 Water: TBAB 88 
3 20 K2CO3 80 DMF 60 
4 20 K2CO3 80 Toluene Nd 
5 20 K2CO3 80 1,4dioxane Nd 
6 20 K2CO3 80 THF Nd 
7 20 K2CO3 80 DMSO Nd 
8 20 K2CO3 80 acetonitrile Nd 
9 20 No base 80 Water Nd 
10 20 Cs2CO3 80 Water 88 
11 20 NaOAc 80 Water Nd 
12 20 NaOH 80 Water Nd 
13 20 KOH 80 Water Nd 
14 15 K2CO3 80 Water 80 
15 12 K2CO3 80 Water 69 
16 10 K2CO3 80 Water 50 
17 8 K2CO3 80 Water Trace 
18 5 K2CO3 80 Water Nd 
19 60 K2CO3 80 Water Trace 
20 70 K2CO3 80 Water 70 
21 80 K2CO3 80 Water 88 

aConditions: bromobenzene (0.157 g, 1.0 mmol), phenyl 
acetylene (0.122 g, 1.2 mmol), 20 mg Pd catalyst, time (4 
h), isolated yield after column chromatography, solvent 
(2.0 mL), base (1.4 mmol). 

The current coupling reaction was expanded to a range of 
substrate scopes for both reactants, the aryl bromide and 
terminal alkynes, once the standardized reaction 
conditions were established (Table 2). The coupling of aryl 
bromide-containing electron-withdrawing substituents 
with phenyl acetylenes, such as 4-bromobenzonitrile, 1-
bromo-4-nitrobenzene, 1-acetyl-4-bromobenzene, 4-
bromobenzaldehyde, and 1-bromo-4-

trifluoromethylbenzene, was found to be highly reactive 
(Table 2, entries 1 b–1f). Using aryl bromides with 
electron-releasing substituents likewise produced excellent 
results (Table 2, item 1g). A number of substituted alkyne 
substrates, such as electron-rich derivatives, ethynyl 
derivatives, and phenyl derivatives, were employed, and 
the range of terminal alkyne derivatives was also 
expanded. Good yields of the intended cross-coupling 
products were noted (Table 2, entries 1 h-1 m). The 
Sonogashira cross-coupling reaction has historically 
required a rigorous inert environment under dry, air-free 
conditions. [22,]. The current Sonogashira reactions were 
carried out outdoors in a reaction tube.
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RECYCLABILITY 

Following the completion of the optimal reaction period, 
the catalyst was magnetically recovered, and an organic 
solvent was added to the cross-coupling product to 
facilitate decanting. Every recycling run involved adding a 
fresh batch of bromobenzene, Organosilanes (Hiyama 
coupling), phenylacetylene (Sonogashira coupling), 

K2CO3, and Water to the reaction tube. The reaction 
mixture was then stirred under ideal reaction conditions. 
Over six reaction cycles, the current Pd catalyst 
demonstrated notable recyclability with minimal 
efficiency loss; however, after the seventh run, a more 
pronounced efficiency drop was observed.

 
Recyclability studies of Bis (N-heterocyclic carbene) Palladium complex immobilized onto Fe3O4@SiO2 

nanosupport 

CONCLUSION 

In conclusion, the magnetically recoverable 
Fe3O4@SiO2-supported Pd-NHC-MNP 
heterogeneous catalyst is highly efficient for 
Sonogashira and Hiyama cross-coupling reactions 
under aerobic, greener conditions. The catalyst was 
found to be highly efficient and recyclable for 
Sonogashira coupling reactions, coupling a wide 
variety of aryl bromides and chlorides with terminal 
alkynes under copper- and amine-free conditions. The 
catalyst also exemplifies highly desirable, efficient, 
and recyclable heterogeneous Pd catalysts for the 
Hiyama cross-coupling reaction under aerobic 
conditions, coupling aryl chlorides and aryl bromides 
smoothly. The catalyst, which exhibited excellent 
reusability, was employed for recycling studies. It can 
be reused up to 6 catalytic cycles without significant 
loss of catalytic efficiency. 

Experimental 
All reactions were set in reaction tubes, and products were 
isolated under standard workbench conditions. The toluene 
purchased from Fisher Scientific was used without further 
purification. The terminal alkynes, organosilanes, and aryl 
bromides used are all well-known compounds and were 
purchased from TCI, SpectroChem, and Sigma-Aldrich. 
No further purification or extra distillation is required for 
the coupling reaction. All products were purified by 

column-layer chromatography on silica gel (230-400 
mesh). TLC was prepared on silica gel plates, and the 
products were well examined under UV light. 1H and 13C 
NMR were recorded on a Bruker Spectrospin DPX-400 
NMR spectrometer and a JEOL ECS-400 spectrometer 
operating in CDCl3. 

Synthesis of Fe3O4 nanoparticles. 
Magnetite (Fe3O4) particles were synthesized by co-
precipitation using the protocol established by Massart et 
al.[24] and Tangestaninejad et al.[25]. An aqueous solution 
was created by dissolving 11.0 g (40.7 mmol) of FeCl3 · 
6H2O and 4.0 g (20.35 mmol) of FeCl2 · 4H2O in 80 mL of 
deionized water, while maintaining an argon atmosphere 
and vigorous stirring at 85 °C. The pH of this solution was 
adjusted to 9 using concentrated ammonium hydroxide 
(NH4OH). After 4 hours, the magnetite precipitates were 
washed with deionized water until the pH reached 7. A 
permanent magnet was used to collect the black 
precipitates from the reaction flask, and the supernatant 
was carefully decanted. 

Synthesis of Fe3O4 @SiO2 nanoparticles. 
The prepared iron oxide nanoparticles were covered 
with a thin layer of silicon oxide by familiar Stӧber’s 
procedure to prevent agglomeration of magnetic 
nanoparticles.

A total of 1.0 g of PVP-stabilized magnetite 
nanoparticles was suspended in 200 mL of ethanol. 
Subsequently, 6 mL of NH4OH and 2 mL of TEOS 
were added in succession. After 24 hours of stirring, 
the resulting black precipitate was extracted with a 

permanent magnet and washed three times with 
ethanol. The final product was dried and placed under 
vacuum. 

Synthesis of Fe3O4@SiO2@Cl 
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The Fe3O4@SiO2 (1.0 g) was suspended in SOCl2 (30 
ml) for 30 minutes. Subsequently, the mixture was 
heated under reflux for 3 hours in a nitrogen 
atmosphere. Afterward, the reaction mixture was 
cooled, and the SOCl2 was removed by evaporation. 
The resulting material was the chlorinated SiO2-
coated magnetite nanoparticles (Fe3O4@SiO2@Cl), 
which appeared as a black powder. 

Synthesis of palladium N-heterocyclic carbene ionic 
liquid complex (C complex). 
Following the method outlined by Karimi et al., in a 
thoroughly dried 100 ml Schlenk flask fitted with a septum 
and a magnetic stirrer bar, a solution of B (2 mmol, 0.85 g) 
in DMSO (50 ml) was prepared, to which Pd(OAc)2 (0.4 
mmol, 0.898 g) was subsequently added. The system was 
then evacuated and purged with argon three times. The 
mixture was stirred continuously at 50–60 °C for 8 hours, 
followed by an additional 4-hour reaction period at 100 
°C, all under an argon atmosphere. After this, the system 
was connected to a high-vacuum chamber for 2 hours to 
eliminate the byproduct acetic acid and was allowed to 
cool to ambient temperature. 

Synthesis of Pd NHC MNP Catalyst 
The Fe3O4@SiO2@Cl (0.5 g) was suspended in dry 
toluene (40 ml) for 30 minutes. Afterwards, the Pd-NHC 
complex (C) (2 mmol, 1.06 g) was introduced and stirred 
for a few minutes. Sodium hydride (4 mmol, 0.096 g) was 
then incorporated into the mixture under an argon 
atmosphere. The reaction mixture was heated to 125 °C 
for 24 hours. Subsequently, the toluene solvent was 
removed by filtration. Finally, the resulting product was 
dried and kept under vacuum for 5 hours. 
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